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Abstract 
The effects of three fertilizers (fresh cow manure, composted manure, and urea) were determined on the virulence of 
Steinernema c rpocapsae (Weiser) against the greater wax moth, Galleria meUonella (L.). Nitrogen levels were standardized 
among fertilizer treatments at two levels (280 and 560 kg ha-~). Urea and fresh manure decreased nematode virulence in 
laboratory experiments. In field experiments, however, only the fresh manure treatment reduced nematode virulence. In both 
laboratory and field experiments, composted manure did not affect nematode virulence. Fertilizer effects on virulence of S. 
carpocapsae were more rapid in a soil with reduced organic matter than in a soil with higher levels of organic matter. Factors 
causing reduced nematode virulence are discussed. 
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1. Introduction 
The use of biological control agents in insect sup- 
pression is desirable. Biological control agents, unlike 
chemical insecticides, have no adverse effects on 
humans and are not likely to harm other nontarget 
organisms, cause secondary pest outbreaks, or result in 
the development of insecticide resistance (Debach, 
1974). Entomopathogenic ematodes inthe genus Stei- 
nernema have excellent potential as biological control 
agents of soil insect pests (Gaugler, 1981). Steiner- 
nema spp. have many promising attributes as biological 
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control agents including pathogenicity oa wide range 
of insect pests, exemption from government regulation, 
and a symbiotic relationship with a bacterium (Xenor- 
habdus pp.) which enables the nematodes to kill their 
hosts within 48 h (Gaugler, 1988). However, various 
environmental factors in soil may reduce nematode sur- 
vival and thereby reduce the ability of entomopatho- 
genic nematodes tosuppress insect pests (Kaya, 1990). 
Therefore, specific factors that reduce the virulence of 
entomopathogenic ematodes in soil must be investi- 
gated (Gaugler, 1988). 
The objective of this study was to investigate the 
effects of different nitrogen sources on the virulence of 
S. carpocapsae (Weiser) in soil. Because nitrogenous 
compounds reduce nematode survival, fertilizers have 
been extensively researched as a control method for 
plant-parasitic nematodes (Muller and Gooch, 1982; 
Rodriguez-Kabana, 1986). Research on the effects of 
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Table 1 
Characteristics of oils and organic amendments 
Source N P K OM T 
Fresh manure 1992 1.2 0.3 0.7 51.0 - 
Fresh manure 1993 1.4 0.4 0.8 43.0 - 
Compost 1992 1.I 0.2 0.7 53.0 - 
Compost 1993 1.4 0.2 0.6 49.0 - 
Unmodified soiP 0.4 0.0007 0.012 5.0 18:62:20 
Sand-soil mix b 0.2 0.0004 0.017 3.3 52:35:13 
aThis soil was used in all field and laboratory experiments and in determination of LCso s. 
bThis soil was used only in laboratory experiments. 
N, total nitrogen; P,phosphorous; K, potassium; OM, organic matter; T,texture (sand:silt:clay). All characteristics arepresented aspercent dry 
matter content. 
fertilizers on entomopathogenic ematodes, however, 
has been extremely limited. Because of innate differ- 
ences in biology and ecology between the two nema- 
tode trophic groups, fertilizers may affect 
entomopathogenic nematodes differently than plant- 
parasitic nematodes. Differences in fertilizer effects on 
plant-parasitic and non-parasitic nematodes have been 
observed (Linford et al., 1938; Rodriguez-Kabana, 
1986; Opperman et al., 1993). If entomopathogenic 
nematodes are to be applied in agricultural ecosystems 
where fertilizers are routinely used, it is imperative that 
the influence of different nitrogen sources on these 
nematodes be determined. 
2. Materials and methods 
2.1. Experimental parameters 
The effects of fertilizers on the pathogenicity of S. 
carpocapsae were investigated by utilizing three types 
of experiments: (1) determination of LCsos (nema- 
todes vs. insects); (2) laboratory experiments; (3) 
field experiments. Whereas comparisons among LCsos 
evaluated acute effects on nematodes, the laboratory 
and field experiments evaluated more chronic effects 
on nematodes. All experiments contained seven treat- 
ments: high and moderate rates of fresh cow manure, 
composted manure, and urea, and an unfertilized con- 
trol. Total nitrogen was standardized among fertilizers 
to approximately 560 kg ha-  1 for the high rate and 280 
kg ha-1 for the moderate rate. In laboratory experi- 
ments, these rates corresponded toapproximately 0.05 
g and 0.025 g of nitrogen per 100 g of soil for the high 
and moderate rates, respectively. Fresh cow manure 
was obtained from the Iowa State University dairy herd 
in Ankeny, IA, and composted manure, 'Fertilife, Com- 
post and Manure', was produced by Hyponex (Mar- 
ysville, OH). Urea (45--43-0) was obtained 
commercially as fine granules. For laboratory experi- 
ments, fresh manure and composted manure were oven 
dried at approximately 38°C and ground to a particle 
size of 2 mm in a Wiley mill (Arthur Thomas Co., 
Philadelphia). Composted manure, fresh manure, and 
soil were analyzed for nutrients and organic matter 
content, and soil texture was determined (Table 1). 
Mortality of the greater wax moth, Galleria mellonella 
(L.), was used to measure virulence ofS. carpocapsae. 
Larval mortality was considered nematode-induced if 
the dead larvae exhibited the characteristic tan-brown 
coloration that results from infection by Steinernema 
spp. The S. carpocapsae (All strain) used in this study 
were originally obtained from Biosys (Columbia, MD ) 
and cultured in the last instar of G. mellonella. 
2.2. Determination ofLCsos 
Probit analysis was used to measure the virulence of 
S. carpocapsae in soil amended with each of the afore- 
mentioned seven treatments. Bioassays were con- 
ducted in plastic petri dishes ( 150 mm × 25 mm) with 
eight nematode density levels and eight repetitions per 
treatment. One hundred grams of soil-fertilizer mixture 
(or unfertilized soil for the control) were placed in 
each petri dish. Soil moisture was standardized gravi- 
metrically at approximately field capacity as deter- 
mined by a pressure plate apparatus. One day after 
water was added, nematodes were counted under a dis- 
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Table 2 
Characteristics of soil treatments 
Treatment" Sand-soil mix Unmodified soil 
pH FC b OM ¢ pH FC OM 
Ch 7.7 22 4.3 7.6 35 7.1 
Cm 3.7 18 4.7 7.6 35 5.7 
Mh 7.9 19 6.7 7.7 33 9.1 
Mm 7.8 17 5.4 7.7 33 6.9 
Uh 7.7 16 3.0 7.6 34 4.9 
Um 7.7 16 3.1 7.6 34 4.8 
O 7.6 16 3.3 7.5 34 5.0 
"C, composted manure; M, fresh manure; U, urea; O, no amendment; h, high rate; m, moderate rate. 
bFC, percent soil moisture stimated to be field capacity ( - 0.33 bar), 
tOM, organic matter. 
secting microscope and transferred to the petri dishes 
in l ml of distilled water. For all treatments except the 
high rate of fresh manure, the eight nematode densities 
ranged from 0 to 105, in increments of 15. Because 
preliminary observations indicated that nematode vir- 
ulence in high rates of fresh manure would probably be 
low relative to other treatments, the eight nematode 
densities for this treatment ranged from 0 to 140 in 
increments of20. Following addition of nematodes, 20 
last instar G. mellonella were placed in each petri dish, 
and the petri dishes were then incubated at 27°C and 
80% relative humidity. After 72 h of incubation, nem- 
atode-induced larval mortality was recorded. LCso s 
were determined for each treatment (Statistical Anal- 
ysis Systems (SAS) Institute Inc., 1985) and were 
considered significantly different if their 95% fiducial 
limits did not overlap (Fuxa, 1987). 
2.3. Laboratory experiments 
Two laboratory experiments were conducted in 1993 
to determine the effects of fertilizers on virulence of S. 
carpocapsae over a period of several weeks. One 
experiment was conducted inunmodified soil obtained 
from the Iowa State University Research Farm in 
Ankeny, IA, and a second experiment was conducted 
in a 1:1 sand-soil mix prepared with soil from the 
Ankeny Research Farm. Soil characteristics before fer- 
tilizers were added (Table 1) and field capacity, pH, 
and organic matter content of fertilized soil were 
recorded (Table 2). Both experiments were organized 
in randomized block designs with repeated measures 
and four replications of the previously described seven 
treatments. Experimental units consisted of 100 g of 
soil-fertilizer mixtures placed in petri dishes (150 
mm × 25 mm). Moisture was standardized atapprox- 
imately field capacity as described earlier, and 200 
nematodes (in 0.9 ml distilled water) were applied to 
the soil in each petri dish, which was then incubated at 
approximately 27°C and 80% relative humidity until 
nematode virulence was evaluated. 
Virulence was evaluated on the day following nem- 
atode inoculation, on a weekly basis thereafter for 3 
weeks, and then biweekly for an additional 4 weeks. If, 
however, zero virulence was detected in one of the 
treatments, then that observation date was used as an 
endpoint. Each day that nematode virulence was eval- 
uated, one petri dish from each treatment and each 
replication was randomly selected. Each selected petri 
dish received 20 last instar G. mellonella. The petri 
dishes were incubated for an additional 72 h, at which 
time nematode induced mortality of larvae was 
recorded. 
2.4. Field experiments 
Field experiments, organized as randomized block 
designs with repeated measures, were conducted in 
1992 and 1993. The experiments were conducted in a 
corn ecosystem. There were four replications and seven 
treatments (previously described) resulting in 28 plots 
(2 m × 3 m) in each experiment. Blocks were separated 
by 1.5 m alleys. Field corn, Zea mays L., (Jacques 
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Table 3 
Effects of fertilizers" on the LCso ~ of Steinernema c rpocapsae against G. rnellonella 
LC5o Fiducial limits ( 95 % ) Slope Intercept 
Ch 29.4 25.5-32.9 1.9 - 2.7 
Cm 29.3 27.4-34.4 2.0 - 3.0 
Mh 102.1 88.1-123.2 1.3 -2.5 
Mm 28.4 24.5-31.9 2.0 - 2.9 
Uh 30.2 28.4-35.6 1.9 - 2.1 
UI 26.0 22.7-29.0 2.1 - 3.0 
O 31.0 26.9-33.3 2.2 - 3.3 
aC, composted manure; M, fresh manure; U, urea; O, no amendment; h, high rate; m, moderate rate. 
bLC~o represents he number of nematodes required to kill 50% of the test larvae. 
2103) was planted in rows 25 cm apart hroughout the 
plots. 
In each plot, seven polyvinyl chloride pipes (19.5 
cm × 7.5 cm diameter) were buried approximately 18 
cm below the soil surface and filled with soil. The seven 
fertilizer treatments were applied to the soil in the pipes 
and mixed to a depth of approximately 10cm. To create 
a uniform environment around the pipes, fertilizers also 
were mixed into the soil surrounding the pipes at rates 
equal to that inside the pipes. 
Nematodes were applied to soil (in pipes) 10 days 
after corn was planted. With the use of a 5 cc disposable 
syringe and a 21G needle, 1000 nematodes suspended 
in 4 ml of water were injected into the soil of each pipe 
to a depth of approximately 3 cm. The syringes were 
then filled with 5 ml of water, which was expelled onto 
the soil surface in the pipes. 
In 1992, nematode virulence was evaluated on a 
weekly basis for up to 7 weeks or until zero G. mello- 
nella mortality was detected in one of the treatments. 
Because rapid loss of nematode virulence was observed 
in 1992, the intervals between virulence valuations 
were shortened to 5 days in 1993. On each day desig- 
nated for evaluation of nematode virulence, one pipe 
was randomly selected and removed from each plot. 
The pipes were removed with minimal disturbance to 
the soil within by excavating around the pipes before 
removing them. Twenty last instar G. mellonella were 
added to the soil surface in each of the selected pipes, 
which were then incubated at 80% relative humidity 
and 27°C for 72 h. Following incubation, nematode- 
induced larval mortality was recorded. 
Treatment differences in all laboratory and field 
experiments were determined through analysis of var- 
iance on mean larval mortalities. If significant treat- 
ment differences were detected in the analysis of 
variance, then comparisons were made among means 
using the Bonferonni test. The Bonferonni test, unlike 
the least significant difference, can control experiment- 
wise error for any set of contrasts or other hypothesis 
tests (SAS Institute Inc., 1985). 
3. Results 
3. I. Determination of LCsos 
Dose mortality relationships indicated a rapid loss 
of nematode virulence in soil amended with high rates 
of fresh manure (Table 3). All other amendments had 
no effect on the virulence of S. carpocapsae r lative to 
the control (Table 3). 
3.2. Laboratory experiments 
Laboratory experiments also indicated a rapid loss 
in nematode virulence in fresh manure treatments. 
Nematode-induced larval mortality, resulting from G. 
melloneUa placed in petri dishes 1 day post nematode 
inoculation (1 day pi), was reduced in fresh manure 
treatments relative to other treatments (Figs. 1 and 2). 
Mean larval mortality 1 day pi was 2.5 and 13.0 in 
sand-soil mixes amended with a high and moderate 
rate of fresh manure, respectively; these means were 
significantly different from each other and from the 
mean larval mortalities in all other treatments, which 
ranged from 18.0 to 20.0 (Fig. 1 ). In unmodified soil, 
mean larval mortality 1day pi was 13.0 in the high rate 
of fresh manure treatment, which was significantly ess 
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Number of dead G. mellonella. 
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Fig. I. Mean mortality of G. mellonella larvae induced by S. carpocapsae in a 1:1 sand-soil mix. Twenty last instar G. meUoneUa were placed 
in petri dishes with 100 g of soil-fertilizer mixtures: C, composted manure; M, fresh manure; U, urea; 0, no amendment; h, high rate; m, 
moderate rate. 
than mortality in all other treatments which ranged from 
18.0 to 19.8 (Fig. 2). 
Chronic effects of fertilizers on S. carpocapsae in 
unmodified soils indicated significantly decreased 
nematode virulence in urea and fresh manure treat- 
ments relative to unmodified soil with no amendment 
or amended with composted manure (Table 4), Nem- 
atode virulence in unmodified soil amended with com- 
posted manure was not significantly different than 
virulence in soil with no amendment (Table 4). In soil 
with sand added, high rates of fresh manure caused 
significantly greater loss of virulence than high rates of 
urea (Table 4). Deleterious effects of fertilizers on 
nematode virulence were more rapid in soil with sand 
added than in unmodified soil which had a greater 
organic matter content; no larval mortality was detected 
Number of dead G. mellonella 
25,  
2°i  15!% 
lO! 
04 
0 10 
Ch CI 
20 30  40  
Days post  infection 
-.C---- Mh ~ MI ~ Uh 
50  60  
Fig. 2. Mean mortality of G. mellonella larvae induced by S. carpocapsae in unmodified soil. Twenty last instar G. mellonella were placed in 
petri dishes with 100 g of soil-fertilizer mixtures: C, ¢omposted manure; M, fresh manure; U, urea; O, no amendment; h, high rate; m, moderate 
rate. 
-~-U I  "-~- 0 
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Table 4 
Nematode-induced mortality of G. mellonella a in laboratory exper- 
iments 
significantly less in soil amended with flesh manure 
than in all other treatments (Table 5). 
Treatment Unmodified soil b Sand-soil mix c 
Ch 13.0a 17.1 a 
Cm 12.6a 16.8a 
Mh 3. ld 0.9c 
Mm 7.4bc 6.3b 
Uh 5.1 cd 8.7b 
Um 7.9b 8.7b 
O 11.8a 17.9a 
aTwenty last instar G. mellonella were placed in petri dishes with 
100 g of soil-fertilizer mixtures: C, composted manure; M, fresh 
manure; U, urea; O, no amendment; h, high rate; m, moderate rate. 
Numbers in each column with different letters are significantly dif- 
ferent (P< 0.05). 
~'Numbers represent average mortality offour epetitions for weekly 
observations during 6weeks. No sand was added to this soil. 
~Numbers represent average mortality of four epetitions for weekly 
observations during 2weeks. This medium was 1:1 sand-soil mix. 
Table 5 
Nematode-induced mortality of G. mellonella a in field experiments 
Treatment 1992 b 1993 c
Ch 6.9a 9.4a 
Cm 6.9a 9.7a 
Mh 2.8a 6.7b 
Mm 6.3a 6.7b 
Uh 4.8a 9.7a 
Um 7.4a 9.8a 
O 7.9a 10.8a 
aTwenty last instar G. mellonella were placed in polyvinyl chloride 
pipes with soil-fertilizer mixtures: C, composted manure; M, fresh 
manure; U, urea; O, no amendment; h, high rate; m, moderate rate. 
Numbers in each column with different letters are signifiantly dif- 
ferent (P < 0.05). 
bNumbers represent average mortality offour epetitions for weekly 
observations during 3 weeks. 
CNumbers epresent average mortality of four repetitions for obser- 
vations made very 5days for 30 days. 
in one of the treatments after two weeks in sand-soil 
mix and after 6 weeks in unmodified soil (Figs. 1 and 
2). 
3.3. Field experiments 
In 1992, no significant differences were observed in 
nematode virulence averaged over the study period 
(Table 5). In 1993, overall nematode virulence was 
4. Discussion 
This study has established that flesh cow manure and 
urea may reduce the virulence of S. carpocapsae, that 
composted manure is not harmful to S. carpocapsae, 
and that nematode virulence is generally more reduced 
in soil amended with fresh manure than in soil amended 
with urea. The results of this study are consistent with 
previous tudies that have indicated reduced survival 
of S. carpocapsae in fresh manure (Mullens et al., 
1987) and increased survival in compost (Ishibashi 
and Kondo, 1986). No study has previously compared 
effects of various fertilizers on entomopathogenic nem- 
atodes. To stress the system, fertilizer ates used in this 
study exceeded those used in many agricultural prac- 
tices. Future research may determine if lower fertilizer 
rates affect entomopathogenic ematodes in a manner 
similar to the rates used in this study. 
Soil texture may influence the effect of fertilizers on 
entomopathogenic ematodes. Generally, entomopath- 
ogenic nematodes survive better in soils with a high 
sand content (Kung et al., 1990). Our study, however, 
found loss of S. carpocapsae virulence in soils 
amended with manure and urea to be greater in a soil 
with higher sand content han an unmodified soil. Per- 
haps the increased rate of water loss in the soil:sand 
mix may have caused increased concentrations of sub- 
stances originating from the fertilizers that were toxic 
to the nematodes. Indeed, more pronounced effects of 
fertilizers on plant-parasitic nematodes were reported 
in dry soil relative to moist soils (Simons, 1973). 
Research on the relative effects of fertilizers on 
plant-parasitic nematodes has yielded variable results, 
depending upon the nematode species tudied (Rodri- 
guez-Kabana, 1986). For example, organic amend- 
ments had greater nematicidal effects than urea on the 
plant-parasitic nematode Pratylenchus penetrans 
(Walker, 1969), and manure had greater toxic effects 
than a synthetic (NPK) fertilizer on Rotylenchus 
robustus (Simons, 1973) and Meloidogyne arenaria 
(Kaplan and Noe, 1993). The survival of Tylenchor- 
hynchus dubius, however, was significantly greater in 
soil amended with manure than in soil amended with 
chemical fertilizers (Simons, 1973). Thus, future 
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research is needed to ascertain whether the effects of 
fertilizers on entomopathogenic ematodes that were 
observed are species pecific. 
Fertilizers may reduce nematode population densi- 
ties for several reasons: the fertilizers, or their decom- 
position products, may be directly toxic to nematodes; 
an increase in biotic activity as a result of fertilizer 
application may increase predation and parasitism on 
nematodes; orfertilizers may reduce nematode survival 
by altering the physical environment of the soil (Kap- 
lan and Noe, 1993). No controlled experiments were 
conducted in this study to determine the causes of 
reduced virulence in nematodes. Therefore, no definite 
conclusions can be drawn in this regard. Any, or all, of 
the aforementioned factors may have contributed to 
reductions in nematode virulence in this study. How- 
ever, results from this study indicate certain factors may 
have been more important than others in reducing nem- 
atode virulence. For example, it is unlikely that the 
observed ifferences inpH among fertilizer treatments 
(Table 2) were sufficient o cause reduced nematode 
virulence (Kung et al., 1990). 
Perhaps most interesting among the results was the 
greater and more rapid loss of nematode virulence 
observed in soil amended with fresh manure relative to 
soil amended with urea. This trend was observed in the 
determination f LCsos and in the laboratory experi- 
ments. Additionally, under field conditions, only fresh 
manure caused reduced nematode virulence relative to 
soil with no amendment. The loss in virulence observed 
in soil amended with manure probably was too rapid 
to have been caused by increased predation (Werner 
and Dindal, 1990). In addition, it is unlikely that direct 
toxicity from nitrogen compounds caused the differ- 
ences observed in fertilizer effects because if so, urea 
would have caused a greater loss of virulence relative 
to other treatments since nitrogen compounds are more 
readily available in urea than in organic amendments 
(Simpson, 1986). Studies on plant-parasitic nema- 
todes have indicated that he nematicidal effects of urea 
are weak and slow relative to other synthetic fertilizers 
such as anhydrous ammonia (Rodriguez-Kabana, 
1986). Future research may determine if synthetic fer- 
tilizers other than urea are more toxic than fresh manure 
to entomopathogenic nematodes. 
A plausible hypothesis is that processes during 
decomposition f fresh manure caused agreater loss in 
nematode virulence in soils amended with manure rel- 
ative to other treatments. Decomposition may reduce 
oxygen availability (Simpson, 1986) or release sub- 
stances that are toxic to nematodes (Kaplan and Noe, 
1993). Reduced survival of S. carpocapsae may be 
caused by decreased oxygen levels in the soil (Kung 
et al., 1990). This hypothesis further supported by 
our data because composted manure, which is already 
mostly decomposed, id not cause a reduction in nem- 
atode virulence. 
5. Conclusion 
For biological control agents to be successful in 
insect pest suppression, agricultural practices that are 
most conducive to their efficacy must be determined. 
Georgis and Gaugler (1991) suggest hat a lack of 
predictability prevents entomopathogenic ematodes 
from reaching their potential as highly effective bio- 
logical control agents. Precise characterization f fac- 
tors affecting efficacy will aid in obtaining consistent 
results. Successful nematode applications may be hin- 
dered by adverse soil conditions (e.g. texture, moisture, 
temperature) ora poor choice of nematode species or 
strain (Georgis and Gaugler, 1991). This study indi- 
cates that the efficacy of entomopathogenic nematodes 
may also be reduced if nematodes are applied at the 
same time as fresh manure or urea and that he influence 
of these fertilizers may be more pronounced in soil with 
reduced organic matter. 
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